DOUGLAS STUCKEY
and Giroux (1908) , who coined the phrase "angine pulmonaire hypercyanotique" to describe a clinical syndrome associated with pulmonary vascular abnormalities and lung disease. Posselt (1908) , Frugoni (1911) , Arillaga (1913), and Engelen (1923) reported similar cases. Brenner (1935) described a boy, aged 11 years with anginal pain, in whom necropsy revealed primary pulmonary arteriosclerosis and gross hypertrophy of the right ventricle, and suggested that the pain was due to myocardial anoxia associated with arterial anoxemia. Brill and Krygier (1941) found that chest pain of anginal type had been described in 4 of 20 reported cases of primary pulmonary hypertension including one of their own, and suggested that it might be due to coronary insufficiency associated with diminished systemic blood flow through an obstructed pulmonary circulation. Wood (1950) found angina in three of six patients with idiopathic pulmonary hypertension. Viar and Harrison (1952) described six patients with chest pain associated with pulmonary hypertension, three of them with emphysema, one with atrial septal defect, one with mitral stenosis, and one with massive pulmonary embolism: necropsy in three showed normal coronary arteries. They described the pain as identical clinically with angina pectoris but perhaps lasting longer, often accompanied by dyspncea, and relieved by the administration of oxygen or aminophylline but not by trinitrin. They suggested that the pain was due to distension of the pulmonary artery.
A number of cases were encountered of classical angina of effort in young subjects with congenital heart lesions or with mitral stenosis. It was decided to investigate both these groups of patients, hoping that the on-e might throw some light on the other. The congenital group provides such a wide range of variation in blood flow, in pressures in various chambers and vessels, and in arterial oxygen saturation, that it was hoped some explanation might be found for cardiac pain occurring in the absence of coronary artery disease.
MITRAL STENOSIS
A brief report of the conclusions reached in regard to patients with mitral stenosis suffering from angina pectoris has been given by Wood (1954) . The patients selected were those giving a classical story of angina of effort identical with that given by older patients with coronary artery disease, except that the chest pain was often accompanied or preceded by breathlessness, and when provoked by effort sometimes persisted for as long as ten minutes before being relieved by rest. The many other types of chest discomfort found in patients suffering from mitral stenosis have been excluded.
Amongst 400 patients with mitral stenosis, angina pectoris occurred in 34 (8 00), and the details are shown in Table I . The female to male ratio was 4-7:1, and the average age 37 years for the women and 33 years for the men. The age and sex incidence of uncomplicated ischxmic group.bmj.com on April 2, 2017 -Published by http://heart.bmj.com/ Downloaded from heart disease studied at the same hospital over the same period of time (Stuckey), 1955, rendered it most unlikely that coronary atherosclerosis played a significant part in the production of cardiac pain in men aged under 35 years or in women under 37 years.
There were 21 patients under these age limits with mitral stenosis and angina pectoris, and some details are recorded in Table II Generalized cardiac enlargement on radiological examination was not characteristic, and was noted in only four patients. In two the heart was considered to be small. The right ventricle appeared to be enlarged in twelve patients, and the main pulmonary artery in ten. The electrocardiogram showed various degrees of right ventricular preponderance in thirteen patients, and was normal or balanced in the remainder.
Seven patients had severe pulmonary hypertension, with a high pulmonary resistance and a low cardiac output at rest. Of eight other patients who were catheterized, the cardiac output was low in six and within normal limits in only two. Very low figures for the cardiac output were found both among those with and without pulmonary hypertension.
No direct measurements of cardiac output on exertion were made, but in six patients changes in the pulmonary artery and pulmonary capillary pressures were observed during exercise. If pulmonary capillary pressure is taken to represent left atrial pressure (Epps and Adler, 1953) and if the pulmonary resistance remains constant The size of the stenosed mitral orifice was estimated at operation or at necropsy in 13 patients.
The area was estimated to be less than 0-5 sq. cm. in 11 and about1 sq. cm. in the remaining two.
Angina pectoris was completely relieved after operation in all cases.
The occurrence of angina pectoris in patients with mitral stenosis could thus be correlated with (1) the severity of the stenosis, as judged clinically or as estimated at operation or at necropsy; and (2) low cardiac output at catheterization, (suggested clinically by a pulse of small volume, low systemic blood pressures, and cold vasoconstricted extremities) which was associated with severe mitral stenosis or severe pulmonary hypertension or both.
OTHER RHEUMATIC VALVULAR LESIONS
One hundred consecutive patients with predominant aortic incompetence were reviewed for the occurrence of angina pectoris. The aortic valve lesion was considered to be of rheumatic origin in all, and any involvement of the mitral valve was judged to be slight. Those with systemic hypertension were excluded, as were patients with syphilitic aortitis or valvulitis. Nine patients suffering from angina pectoris were found, and their age incidence corresponded closely with that of uncomplicated coronary heart disease, the youngest being 49 years of age.
Among 40 patients with pure mitral incompetence presumably of rheumatic origin there were none suffering from angina pectoris. Tricuspid valve stenosis was thought to be the predominant lesion in one patient, a woman aged 40 years, who had suffered from angina of effort for three years. Unfortunately the clinical diagnosis was not proven by catheterization or necropsy.
The common association of angina pectoris with aortic stenosis is well known. Rheumatic aortic stenosis is often combined with a lesion of the mitral valve. Isolated aortic stenosis in young subjects was considered to be more often congenital in origin, and these patients are considered in the next section. CONGENITAL HEART DISEASE The same criteria for the diagnosis of angina pectoris and the same age limits were used as for the patients with mitral stenosis. There were 448 consecutive patients with a congenital heart lesion available for review, and there were an additional 26 patients with isolated aortic or subaortic stenosis in whom the murmur had been discovered in infancy or early childhood and who showed no evidence of rheumatic disease. Many of the latter group were included in the series reported by Campbell and Kauntze (1953) . Six patients suffering from primary pulmonary hypertension were also included.
Angina pectoris occurred in 23 (4-8%), and these patients fell into three main groups.
(1) Aortic stenosis (6 of 26 patients).
(2) Severe pulmonary stenosis (6 of 38 patients). (3) Pulmonary hypertension, either primary (2 of 6 patients), of complicating a shunt with left to right blood flow or with a balanced circulation (6 of 24 patients.)
In the remaining three patients with angina pectoris the diagnosis was not established with certainty despite full investigation, but two of them probably suffered from infundibular pulmonary stenosis with reversed inter-atrial shunt, and the third from pulmonary hypertension complicating an atrial septal defect. There was no history of angina in 183 patients with uncomplicated left-toright shunts, in 79 patients with mild or moderate pulmonary stenosis, in 30 patients with reversed shunts due to severe pulmonary hypertension, and in 83 patients with morbus coeruleus (mostly Fallot's tetralogy).
Some of the findings in the twenty patients with angina pectoris in whom an exact diagnosis was made are shown in Table III . Overwhelming female preponderance was found amongst those with pulmonary hypertension (Wood, 1952 (Wood, 1952) . Generalized cardiac enlargement of more than slight degree was found on radiological examination in only three patients, and there were no characteristic changes in the electrocardiogram at rest. The arterial oxygen saturation was normal in eight patients and low (82-85%) in five, presumably because of some right-to-left shunting. Much lower figures were of course found in patients with cyanotic forms of heart disease who did not have cardiac pain. The cardiac output at rest was low in seven of the nine patients in whom it was estimated. From observations during exercise in one patient the calculated cardiac output increased less than 20 per cent above the resting level.
Angina pectoris did not occur in patients with uncomplicated left-to-right shunts, with pulmonary stenosis of mild or moderate degree, or with most cyanotic forms of congenital heart disease. It is important to note the difference in incidence of angina pectoris in patients with left-to-right shunts with pulmonary hypertension, and in those with the same lesions complicated by severe pulmonary hypertension that had produced free blood flow from the right to the left side of the heart. In the latter group of patients levels of pulmonary blood pressure were higher, right ventricular work and right ventricular hypertrophy were greater, the size of the heart was increased, and levels of arterial oxygen saturation were lower; yet angina pectoris did not occur. The conclusion is that these features are not essential for the production of cardiac pain. It is suggested that the essential difference between these two groups is the establishment of the reversed shunt, whereby on exertion blood returning to the right side of the heart can be transferred more easily to the left side, and the cardiac output increased thereby in a relatively normal fashion. The obstruction (pulmonary arteriolar vasoconstriction or sclerosis) is by-passed by blood flowing in a reverse direction through the shunt. Similar reasoning may be applied to patients with severe pulmonary stenosis and with Fallot's tetralogy except that in the latter group dextraposition of the aorta is present as well as a septal defect which can act as a by-pass. In the other two groups with a high incidence of angina pectoris, namely primary pulmonary hypertension and aortic stenosis, the obstruction cannot normally be by-passed, but the possibility of making an artificial ductus arteriosus in the treatment of primary pulmonary hypertension has been considered (Wood, 1952).
There were two features common to the patients with cardiac pain; firstly, an obstruction to the circulation of the blood, either severe organic stenosis of the aortic valve, the pulmonary valve or infundibulum, or obstruction in the pulmonary arterial tree associated with pulmonary hypertension; and secondly, evidence of a low cardiac output both on clinical grounds and at catheterization. Exercise tests were carried out on 33 patients in all, using the method described by Wood et al. (1950) and examples are shown in Fig. 1-4 . The record in Fig. 3 has been published in part by Wood (1954) . The twelve standard leads were recorded in most instances, both at rest and after exercise. There were fifteen control patients, eleven with mitral stenosis and four with congenital heart disease, who did not suffer from angina pectoris. Non-specific changes noted in the electrocardiogram were increase in the amplitude of the P and T waves. Sometimes a T wave that was flat or inverted at rest became upright on exertion. Two control patients showed slight changes suggestive of myocardial ischlemia on effort, of the type described below. One was a woman, aged 42 years, with both mitral and aortic stenosis, who did complain of tightness across the chest on hurrying, but had not been included among the positive cases because she insisted that it was not pain, and this had been used as a differential point. There was flat elevation of the S-T segment and obliteration of the normally inverted T wave in lead aVR best seen at 4 minutes after exercise, and depression of the S-T segment and deep T wave inversion in leads II, Ill, and aVF. The pattern in these leads was abnormal at rest, making interpretation of the changes difficult. There was depression of the S-T segment and partial inversion of the T wave at 2 minutes and 4 minutes in lead V6, the only left ventricular surface lead, with return to the normal resting pattern at 6 minutes.
POST-MORTEM EXAMINATION
There was less inversion of the T wave in lead V2 after exercise than at rest. The test produced anginal pain in this patient. 404 group.bmj.com on April 2, 2017 -Published by http://heart.bmj.com/ Downloaded from congenital heart disease. On exercise, changes in the cardiogram consistent with myocardial ischrmia were found in 7, suggestive changes of lesser degree in 5, and no significant change in 6 patients. All the latter had grossly abnormal records at rest, and this made it difficult or impossible to recognize significant changes after exercise.
Changes in the cardiogram indicating mycardial ischemia were best seen in leads II, III, and aVF, and in left ventricular surface leads (V4-V7), even in patients with marked right ventricular preponderance in the cardiogram. Elevation of the S-T segment and obliteration of the normally inverted T wave in lead aVR may also be an ischemic pattern. In right ventricular surface leads the tendency was for T waves previously inverted to become upright after exercise, and for the S-T segment to move -in the same direction (Fig. 4) ; these changes were found in seven patients with marked right ventricular preponderance in the cardiogram at rest. effort. The T waves in leads Vl-V5 inverted at rest became upright after exercise, and the S-T segments depressed at rest were isoelectric on exertion. Similar changes were found in right ventricular surface leads in a number of patients with angina pectoris and conditions associated with marked right ventricular preponderance, but did not occur in the controls. There is no true left ventricular lead shown: perhaps lead V7 or V8 would have been more useful.
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In two patients in whom well-marked changes in the cardiogram occurred on exertion, trinitrin was given in full dosage before exercise. Exactly the same ischaemic changes were seen on exercise, and these took longer to disappear with rest. The blood pressure was estimated by the cuff method in eight patients before and after exercise sufficient to induce anginal pain, and the pressures after exercise were always at or above the resting level.
DISCUSSION
The ages of the patients discussed in this paper make it unlikely that coronary artery disease played a significant part in producing cardiac pain. This was confirmed by the absence of evidence of coronary artery disease in eleven patients at necropsy. Undoubtedly in older patients with less 405 group.bmj.com on April 2, 2017 -Published by http://heart.bmj.com/ Downloaded from severe mitral or aortic stenosis, coronary atherosclerosis may coexist and may play a contributory part in causing myocardial ischTmia on exertion.
Low arterial oxygen saturation with accompanying central cyanosis does not seem to be an important factor in producing cardiac pain. Most of the patients with angina pectoris had a normal arterial oxygen saturation, and in the six with potentially reversible shunts, the arterial oxygen saturation was 82 per cent or more at rest. Angina pectoris was not encountered among 83 patients with cyanotic forms of congenital heart disease nor among 30 with severe pulmonary hypertension and reversed shunts. The term hypercyanotic angina is best restricted to the group originally described by Vaquez and Giroux (1908) .
Increased mass of cardiac muscle is probably not an important factor. Generalized cardiac enlargement of more than slight degree on radiological examination was uncommon in the patients with cardiac pain. In a number of them the heart appeared to be well within normal limits for size.
Evidence has been presented that myocardial ischemia occurs on exertion in these patients with angina pectoris, and that the ischTmic changes in the electrocardiogram are best seen in left ventricular surface leads even in patients with marked right ventricular hypertrophy. Cardiac pain and rather similar changes in the cardiogram occur in patients with massive pulmonary embolism (Currens, 1942; Wood, 1948) , and it is interesting to compare the myocardial lesions post mortem in this condition (Dack et al., 1949; Currens and Barnes, 1943) and in aortic stenosis (Friedberg and Horn, 1939) . In both conditions the myocardial lesions were subendocardial, focal, and disseminated, and greater in the left ventricle than in the right. The suggestion is that, in these conditions and in the patients discussed in this paper, those parts of the myocardium at the periphery of the normal coronary arterial tree and furthest removed from the source of blood supply will be affected by ischaemia first and most severely. The left ventricle would thus suffer as much as the right ventricle.
The important correlation of cardiac pain in patients with mitral stenosis or congenital heart disease is with a low cardiac output. It has been shown by a number of observers (Bayliss et al., 1950; Draper et al., 1951; Ball et al., 1952 ) that in patients with severe mitral stenosis the cardiac output is low at rest and does not approach normal levels on exertion. The same probably applies to severe grades of aortic stenosis, pulmonary stenosis, and pulmonary hypertension. The coronary blood flow normally constitutes 4-5 per cent of the cardiac output at rest (Gregg, 1950) , and the proportion may rise to 12-15 per cent after exercise, after administration of adrenaline, or in shock (Eckenhoff et al., 1947) . It is probable that this figure approaches the maximum proportion of the cardiac output that can be diverted into the coronary arterial tree while other essential parts of the circulation are maintained. When the cardiac output cannot increase adequately on exertion, the coronary blood flow may be too small for the demands of the myocardium, especially when the cardiac work is greatly increased by an obstruction to the circulation. The increased cardiac work involved for instance in aortic stenosis has been pointed out by Evans (1918) .
The basic pathological condition in these patients is thus an obstruction to the circulation. This may be either an organic stenosis of the aortic, mitral, pulmonary, or tricuspid valves or of the infundibulum of the right ventricle, or obstruction in the pulmonary circuit associated with severe pulmonary hypertension (pulmonary arteriolar vasoconstriction or sclerosis).
In many of the patients discussed in this paper two or more obstructive lesions were present, for example, among those with mitral stenosis there was pulmonary hypertension in 6 cases, aortic stenosis in one, and tricuspid stenosis in two, one of these having pulmonary hypertension as well and the other pulmonary stenosis as well (see Table II ). The effect of such multiple obstructions to the circulation of the blood on the ability of the cardiac output to increase normally on exertion is probably additive.
The patients described in this paper could be included in the all-embracing term "coronary insufficiency" as used by Masters and others, but in themselves form a compact clinical group with identical functional disturbance and well-known basic pathology, and so merit separate description. 406 group.bmj.com on April 2, 2017 -Published by http://heart.bmj.com/ Downloaded from SUMMARY AND CONCLUSIONS Of 400 patients suffering from mitral stenosis, angina pectoris (angina of effort) occurred in 34 (8.5%), of whom 21 were aged under 37 years in the case of women, and under 35 years in the case of men. Of these 21 patients, seven had marked pulmonary hypertension and in the remainder the mitral stenosis was severe.
Among 480 cases of congenital heart disease, angina pectoris occurred in 23 patients under the age limits mentioned (4.8%). These fell into three main groups; aortic stenosis, severe pulmonary stenosis, and pulmonary hypertension, either primary or complicating a left-to-right or balanced shunt.
There was no evidence of coronary artery disease post mortem in eleven of these patients with mitral stenosis or congenital heart disease who had suffered from angina pectoris during life.
Exercise tests were carried out on 33 patients. Changes in the electrocardiogram on exercise indicating myocardial ischemia were found in 12 of 18 patients with angina pectoris, and slight changes in only 2 of 15 controls. The changes were best seen in left ventricular surface leads even in the presence of predominant right ventricular hypertrophy.
A mechanical obstruction to the circulation of the blood is present in all these conditions, either within the heart or in the pulmonary circulation. This is responsible for a low fixed cardiac output that does not increase adequately on exertion. It is suggested that inadequate coronary blood flow during exercise is a result of the low cardiac output. Cardiac pain occurring in young subjects with rheumatic or congenital heart disease suggests an obstructive lesion, and is an index of severity in those with aortic, mitral, or pulmonary stenosis.
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